L
assa virus (LASV) is a member of the family Arenaviridae that is endemic to West Africa (1) . LASV is an enveloped virus with a genome consisting of two single-stranded RNA segments, referred to as small (S) and large (L). Each segment uses an ambisense coding strategy to direct the synthesis of two viral gene products. The S segment encodes the glycoprotein precursor protein (GPC) and the nucleoprotein (NP). The L segment encodes the viral RNA-dependent RNA polymerase (L) and a small RING finger protein, Z, that has bona fide matrix functions (2) . LASV is the etiologic agent of Lassa fever (LF), a severe hemorrhagic fever disease associated with high morbidity and mortality rates (up to 25% in hospitalized patients) (3, 4) . Individuals that succumb to LF develop either limited or no humoral immune response to LASV (5) , and convalescence in survivors begins only weeks after infection has been cleared (6) . Histopathologically, LF is characterized by mild immune cell infiltration and only modest signs of tissue damage (7) . A high level of viremia is a strong predictor of a poor disease outcome in LASV-infected patients (8) .
Currently, outbred Hartley and inbred strain 13 guinea pigs are available for experimental LASV infection. However, LASV is myocardiotropic and myocardiophatic in guinea pigs, phenotypes which have not been reported in humans, and does not exhibit the florid hepatotropic phenotype characteristic of human LF (9) . The development of a mouse model of LASV infection would represent a significant advance for the investigation of LASV pathogenesis and development of antiviral strategies. Most laboratory mouse strains are resistant to the Josiah strain of LASV commonly used in research and rapidly clear the virus. Notably, HHD mice expressing human/mouse-chimeric HLA-A2.1 instead of murine major histocompatibility complex class I (MHC-I) molecules have been reported to develop severe illness following LASV infection. Depletion of T cells prevents disease development in LASV-infected HHD mice despite high-level viremia, suggesting the importance of immunopathology in LF (10) . These findings indicate that suboptimal induction of an immune response to LASV infection may serve as a causative factor in the development of pathological lesions. However, this phenomenon has not been confirmed in nonhuman primate models of LASV infection and human cases of LF. Moreover, only one of several tested LASV strains administered intravenously at a high dose resulted in disease symptoms in HHD mice (10) . Therefore, the relevance of this model to human disease is still unclear. Recently, we established that disruption of type I and type II interferon (IFN) signaling results in enhanced, nonlethal, disseminated LASV infection in mice (11) . Here, we present an improved mouse model, in which LASV causes severe disease with lethal outcome and pathology with similarities to human LF.
Recombinant Lassa virus generated from cloned cDNAs via reverse genetics and its parental natural isolate have similar in vitro growth properties. To ensure the nature of the genetic makeup and biological properties of the LASV used in our studies and prevent the confounding factors due to mutations accumulated during propagation in cell culture of the parental natural isolate, we developed an RNA polymerase I/polymerase II (pol-I/ II) reverse genetics system for the rescue of a molecular clone of the highly pathogenic Josiah strain of LASV using methods we have previously described for Junin virus (12) . Briefly, intracellular synthesis of both the L and S genome RNA segments (Fig. 1A ) is driven by a pol-I promoter using appropriate plasmid constructs (13) , whereas the minimal viral trans-acting factors, NP and L, required for virus RNA replication and gene expression are supplied by pol-II-driven expression plasmids (14, 15) . Intriguingly, we found that the orientation of the insertion dramatically influenced the genetic stability in bacteria of the pol-I plasmid coding for the full-length L RNA (Fig. 1B) . Thus, the construct that contains the cDNA for the L RNA in an antigenomic orientation with respect to the pol-I promoter (Fig. 1B , upper left) was significantly more prone to large deletions than the construct containing the same insert in the opposite genomic orientation (Fig.  1B , upper left). However, pol-I plasmids with either orientation were successfully used to rescue recombinant LASV (rLASV) with similar levels of efficiency (data not shown). To rescue rLASV, BHK-21 cells were transfected with the four plasmids described above, and tissue culture supernatants (TCS) collected at 72 h posttransfection (Fig. 1C, P0 ) were used to infect fresh monolayers of Vero cells to produce stocks with increased virus titers. TCS collected at 72 h postinfection (p.i.) from Vero cells (P1) consistently had titers of ϳ10 6 PFU/ml (Fig. 1C, P1 ). The genome of the rescued virus was fully sequenced, and we did not find any mutations between rLASV and parental LASV Josiah. We next assessed whether the rescued rLASV exhibited growth properties in cultured cells similar to those of the parental natural LASV isolate. For this, we infected Vero cells (multiplicity of infection [MOI] ϭ 0.1) with either LASV or rLASV and, at the indicated times after infection, determined titers of infectious virus in TCS. LASV and rLASV displayed similar growth properties (Fig. 1D) . Likewise, rLASV exhibited plaquing efficiency, as well as plaque size and morphology, similar to that of its wild-type counterpart (Fig. 1E) .
rLASV and its parental natural isolate LASV exhibited similar in vivo biological properties. To ensure that the rescued rLASV exhibited in vivo biological properties similar to those displayed by the parental natural LASV isolate, we infected mice deficient for alpha/beta IFN receptor (IFNAR Ϫ/Ϫ ) with rLASV and compared the outcomes to our previous experiments where we used LASV to infect IFNAR Ϫ/Ϫ mice (11). Mice of matching ages and sexes were infected with the same dose by the same route of administration (10 4 PFU administered intraperitoneally [i.p.]), as described previously (9) . Consistent with our published results, all IFNAR Ϫ/Ϫ mice survived the rLASV challenge but showed signs of disease, including ruffled fur and hypoactivity, and developed a persistent infection. As with the results seen with LASV, mice infected with rLASV experienced mild weight loss, but fever was not observed in any of the experimental animals (reference 11 and data not shown).
Mice lacking functional Stat1 signaling were susceptible to lethal LASV infection. Mice lacking functional type I or both type I and II IFN receptors developed enhanced but nonlethal disease upon infection with LASV. To further investigate immune pathways that would allow us to develop a lethal mouse model of LASV, we infected 6-to-8-week-old mice with homozygous disruption of the Stat1 gene (Stat1 Ϫ/Ϫ ) with 10 4 PFU of rLASV (n ϭ 12) or a mock infection (n ϭ 9) via the i.p. route and monitored the animals daily for disease development and survival. In contrast to the mild disease observed in rLASV-infected type I/II IFN receptor knockout (KO) mice, all rLASV-infected Stat1 Ϫ/Ϫ mice rapidly lost weight (ϳ18%) between days 4 and 6 and by day 7 p.i. either succumbed to infection or reached the monitoring criteria that called for euthanasia (Ͼ20% body weight loss and hypothermia) (Fig. 2) . Temperature measurements at day 3 and 6 p.i. did not detect fever, but we cannot exclude the possibility that infected mice experienced a temporary fever between these days that was followed by hypothermia (Fig. 2C) .
To assess the occurrence and levels of viremia and viral spread into the visceral organs and brains, three randomly selected mice in each group were bled and euthanized on day 3 p.i. Also, blood samples were collected from all animals that were euthanized and subjected to necropsy on day 7 p.i. Viral loads in tissue homogenates and serum samples were determined by plaque assay (16) . All rLASV-infected Stat1 Ϫ/Ϫ mice developed disseminated infection by day 3 p.i. (Fig. 3A) . Titers of infectious virus in the brain and all visceral organs of rLASV-infected mice increased over time, with the highest titers being observed at 7 days p.i. (Fig. 3B) . We detected early viremia on day 3 p.i. at a level that remained high until mice were terminally ill (Fig. 3C) .
To evaluate the pathological changes in rLASV-infected Stat1 Ϫ/Ϫ mice, we examined hematoxylin-eosin-stained tissue sections from mice euthanized on day 7 p.i. (Fig. 4A) . Prominent histopathological lesions were observed in the spleen and liver of rLASV-infected Stat1 Ϫ/Ϫ mice. The spleen sections showed accumulation of eosinophilic material in the red pulp surrounding the periarteriolar lymphocytic sheaths. Portions of the eosinophilic material were fibrillar and suggestive of fibrin in Stat1 Ϫ/Ϫ mice. The splenic periarteriolar sheaths contained numerous macrophages containing fragments of apoptotic nuclei. Further examination of ultrathin spleen sections by transmission electron microscopy (17) revealed increased numbers of apoptotic/necrotic cells in the red pulp ( Fig. 4Aii and 5A ) and fibrin deposits (Fig. 5) , which were similar to the findings in human cases (18) . Liver sections showed marked microvesicular steatosis and the presence of apoptotic nuclear fragments in the hepatic sinusoids (Fig.  4Aiv) . None of the lesions observed in rLASV-infected animals were detected in mock-infected mice ( Fig. 4Ai and 4Aiii) . Histopathological results were in agreement with our hematological findings showing that white blood cell and monocyte counts were increased in rLASV-infected Stat1 Ϫ/Ϫ mice as early as 3 days p.i. Decreased production of albumin and increased levels of alanine aminotransferase confirmed hepatic involvement in these animals. Moderately decreased platelet counts were also observed (Fig. 4B) .
The Josiah strain of LASV used to generate the rLASV was associated with a history of passages in cultured cells. We therefore examined whether a human LASV isolate with no passage history in cultured cells would also induce a severe disease in Stat1 Ϫ/Ϫ mice. For this, we inoculated (n ϭ 3) Stat1 Ϫ/Ϫ mice with 10 4 PFU of the recent LASV isolate LF2384-NS-DIA-1 that we obtained directly from the serum sample of a patient who succumbed to LF in Sierra Leone. All infected animals exhibited disease signs and developed fever about day 4 to 5 p.i. and, similarly to Josiah straininfected mice, had high titers of infectious virus in the brain, visceral organs, and blood ( Fig. 3B and C) and became terminally ill on day 7 after inoculation ( Fig. 2) .
In summary, we have reported here that Stat1 Ϫ/Ϫ mice infected with LASV developed a disseminated infection that was associated with lethal disease. These results allowed us to speculate that these animals develop more severe disease and pathology in organs than IFN receptor KO mice upon infection with LASV. Importantly, these mice had necrosis, apoptosis, and fibrin deposits in spleen Whole-blood samples were collected preinfection (day Ϫ4) and postinfection (day ϩ3). White blood cell (WBC), monocyte (MO), and platelet (PLT) counts were determined using a Hemavet 1700 system (Drew Scientific, Inc.). Levels of albumin (ALB) and alanine aminotransferase (ALT) were determined using VetScan VS2 (Abaxis).
and extensive hepatocellular injury manifesting as microsteatosis in liver, and some of the lesions were highly similar to those observed in human cases of LF (18, 19) . The final experiment also demonstrated that this model is highly permissive for human isolates of LASV that have not been highly passaged in cell culture, enabling scientists to utilize it for testing of vaccines and/or antiviral drugs.
